Abstract. On 54 dates in 1995 and 1996 we measured the absolute brightness of the in-eclipse thermal emission of Io's volcanos in up to 5 lters from 1.7 to 4.8 m. The disk-integrated 2.3{3.5 m color temperatures we derive are 594 K on all dates when a reliable estimation could be made. A second feature of the data is the occurrence of a number of brightenings, when Io's disk-integrated thermal emission increased several-fold due to individual volcanic eruptions. Here we present details pertaining to two such brightenings, in late August and again in October of 1996. We apply models for cooling lava ows to observations of these two events in order to understand their volcanological implications. Initial results from the modeling e ort indicate that the brightenings were caused by eruptions which were of order 3 km 2 in areal extent, with eruptive rates of a few times 10 4 {10 6 m 2 s ?1 . The models can match the measured spectral behavior of the thermal emission if we assume a liquidus temperature 1400 K for the lavas. The models also constrain the characteristic age of the emitting surface: we nd values for this time constant are of order one minute during the two brightenings we have modeled. We conclude that we observed high-temperature silicate re fountains or extremely active lava lakes on Io during these two events, and that spreading surface ows did not contribute appreciably to the observed emission.
INTRODUCTION
Io's volcanic thermal emission is readily observed from both spacecraft and from Earth. Earth-based observations in Jupiter eclipse, previously done at wavelengths of 2.2 m and longer, typically show diskintegrated color temperatures of 650 K (e.g., Sinton et al. 1980; Spencer et al. 1992 ). Until recently, higher temperatures, which probably require silicate volcanism, have only been reported during major 5 m outbursts (e.g., 1550 K in 1986 , Veeder et al. 1994 , Blaney et al., 1995 and 1225 and K in 1990 and , Blaney et al. 1995 . Davies (1996) demonstrated that the activity responsible for the January 1990 5 m outburst was most likely a silicate re fountain or vigorously erupting lava lake accompanied by signi cant production of surface ows. Our observations from 1995 and 1996 indicate that high-temperature volcanic activity at small scales was common, even when Io's overall brightness was quite low (see Spencer et al., this issue). In addition, we have observed a number of brightenings, or \events", which drastically increased Io's 2 m brightness, yet did not increase its 5 m brightness appreciably. These observations are corraborated in a general sense (observations taken at di erent locations and times) by recent Galileo visible and near-IR imaging results, which require temperatures in excess of 700 K (e.g., Belton et al. 1996; Davies et al., 1997; Lopes-Gautier et al., 1997; McEwen et al., 1997) .
OBSERVATIONS
We obtained photometric measurements of the volcanic thermal emission from Io's Jupiter-facing hemisphere on 54 dates in 1995 and 1996. The observations were obtained at NASA's 3 meter Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii, using the 1{5 m camera, NSFCAM, and at the Lowell Observatory 1.8 meter Perkins telescope near Flagsta , Arizona, using the 1{2.5 m Ohio State Infrared Imaging Spectrometer (OSIRIS). The NSFCAM data are taken using lters centered at 1.7, 2.3, 3.5 (L), 3.8 (L') and 4.8 (M) microns. The OSIRIS data are taken using lters (identical to those on NSFCAM) centered at 1.7 and 2.3 m. These 2 lters coincide with CH 4 absorption bands in order to eliminate as much reected sunlight from Jupiter as possible. All of the measurements discussed here are obtained while Io is in Jupiter's shadow: there is no contamination by sunlight re ected from Io. The temporal frequency of these observations has allowed us to catalog a number of brightenings, or \events", due to thermal emission from short-lived, individual eruptions (Spencer et al., 
this issue).
In addition to measuring the disk-integrated brightness of Io, we obtain spatially resolved brightness information both from shift-and-add imaging (under conditions of good to excellent seeing) at the IRTF, and from high-speed photometry obtained as Io is occulted by the limb of Jupiter (Spencer et al. 1990 ). The occultation lightcurves constrain the east-west location of eruptive centers to within about 100 km on Io, reveal the number of active volcanic centers on the Jupiter-facing hemisphere, and allow us to constrain the fraction of the disk-integrated ux, measured by the in-eclipse photometry, attributable to each hot spot. Occultation lightcurves are recorded at 2.3 m from Arizona and 3.5 m from Hawaii.
Our observations allow us to estimate the temperature of Io's volcanic thermal emission on the assumption that the surface radiates as a blackbody. The color temperature, T C , of the thermal emission is Figure 1 . The evolution of the August 1996 event (9608A) at 5 wavelengths. The highest temporal resolution is o ered by our observations at 2.3 m, which are shown connected by a solid line. The signature of the event, rst seen on August 28, is strongest at 1.7 m, and grows progressively weaker at longer wavelengths until, at 4.8 m, there is no measurable brightening. determined by calculating the ratio of Io's disk-integrated brightness in two lters, and nding the blackbody curve with the same ratio for those two wavelengths. When Io was faint in 1995 and 1996 its 2.3:3.5 m color temperature was typically in the range 600{700 K (Spencer et al., 1997) , and the lowest value observed was 594 6 K.
When Io is faint we cannot reliably measure its in-eclipse brightness at 1.7 m from Lowell, but we are able to make those measurements at the IRTF. The lowest 1.7:2.3 m color temperature we measured in 1995 and 1996 from the IRTF was 847 90 K, with 1040 100 K being a more typical value. Because large areas of cool material contribute importantly to Io's emission even at short wavelengths when Io is faint, the hottest material must have been at least as hot as these color temperatures, and it was probably hotter. We conclude that whenever we obtained good 1.7 and 2.3 m measurements from the IRTF in 1995 and 1996 there were areas < 1 km 2 with temperatures > 847 K in view. Such high temperatures probably indicate that we were seeing eruptions of, or recently emplaced ows of, silicate lavas on Io, even when no large, bright eruptions were occuring.
OBSERVATIONS OF FALL 1996 EVENTS
We will focus on observations of two events, one seen in August { September (dubbed 9608A), and the second in October (dubbed 9610A), of 1996. We chose these two events because we have good time and spectral coverage of each. Also, we can attribute the overall brightening of Io at these times to eruptions at single locations on the surface. Figure 1 shows our measurements from around the time of the 9608A event, which started sometime after August 23, when we observed from Lowell, and was rst seen on August 28 (10 days before the Galileo G2 encounter with Ganymede) from the IRTF. The event persisted at a progressively weaker level through observations made (also at the IRTF) on August 30 and September 6. Observations from Lowell made on September 8 indicated that Io had returned to its pre-event brightness. The time evolution of the event is most clearly seen in the connected 2.3 m data points in Figure 1 because those data are most closely spaced in time. This event was relatively modest in strength, with the disk-integrated ux at 2.3 m increasing by a factor of 7 over the baseline ux level seen 5 days earlier. The 1.7 m ux increased by a factor of 8 over its value 16 days earlier. The 3.5 and 3.8 m uxes show smaller but signi cant increases. There is no detectable signature of the event at 4.8 m. which could simply re ect the faintness of this event relative to the Io background at this wavelength, rather than a genetic di erence from the \5 m outbursts," which have temperatures just as high as this event did (e.g. Blaney et al., 1995) . The bottom panel shows the 1.7:2.3 m disk-integrated color temperature for dates during this period when we obtained data at both wavelengths. Although the error bars are large, primarily because of the di culty of getting good measurements at 1.7 m where Io is faint, there is the suggestion that the color temperature at these wavelengths was greater during the event than just prior to it when Io was considerably fainter.
The 9610A event, observed solely on October 6, 1996, was considerably more energetic than the 9608A event: the 2.3 m ux increased by a factor of 52 over the baseline ux level seen on August 14. Relative to the early-August baseline level the 1.7 m ux on Oct. 6 increased by a factor of 90. The 3.5 and 3.8 m uxes were 8 times higher than the early-August level, and, unlike the 9608A event, the 4.8 m ux was enhanced by a factor of 2. Even more striking than these large increases in the near-IR uxes is the rapidity with which the activity ceased: we next observed Io only 2 days later, on Oct. 8, and found that the 2.3 m ux had dropped by a factor of 32. Unfortunately we were not able to obtain data at the longer wavelengths on Oct. 8 because we were observing from Lowell.
These events are seen to evolve on a timescale of a few days or less and lead to increases of the diskaveraged near-IR ux by factors of order 10 or more. The disk-integrated 1.7:2.3 m color temperatures we derive for them, T C = 1199 20 K and 1325 45 K, (and the more detailed models of their spectra presented below) indicate that these eruptions involve large amounts of fresh lavas with temperatures well in excess of 1000 K. Taken together this evidence suggests that the brightenings we observed were caused by extremely violent eruptions of silicate lavas. Our attempts to t the observations using volcanological models reinforce this conclusion.
FLOW MODELS
We apply an extension of the thermophysical model of cooling lava ows developed in Howell (1997) in order to understand some of the basic volcanological implications of the above observations. The model is a solution of the heat di usion equation in planar geometry with a radiative boundary condition at the top surface. It also takes into account the conductivity and latent heat e ects of a solidi cation front propagating downward from the surface as the ow ages. Howell (1997) primarily presented analytical approximations to these solutions, which were accurate for the relatively old (ages of order one year) ows he considered. As we show below, our observations correspond to extremely active ows with ages of order minutes or less. Howell (1997, Figure 3) shows that the numerical and analytical solutions diverge for ow ages of less than about 1 day (the analytical solutions signi cantly overestimate the highest temperatures present on the surface of the ow). For this reason, the solutions presented below are full numberical solutions to the di usion equation, rather than analytical approximations.
The model is used to calculate the surface temperature of a lava ow, T, as a function of the age of the surface, t, at any point. The distribution of surface area vs. age is derived from the assumption that lava is erupted at a constant areal rate. Coupled with the dependence of temperature on age from the solution to the heat di usion equation, this provides a simple prescription for calculating the distribution of surface temperature vs. area for the ow. By integrating over the area of the ow and assuming blackbody emission from each surface element we derive the model emission spectrum from the ow for comparison with our 1{ 5 m Io observations. The results of the model are relatively insensitive to exact material properties chosen, except, as described below, the solidus temperature. We have chosen values appropriate for basalt (listed in Howell 1997 as the \Kie er" set). The solidus temperature, set to 1400K, is the highest temperature allowed for any of the material in the ow, and therefore has a fairly strong e ect on the short-wavelength portion of the spectrum. By matching our observed spectra with synthesized spectra we constrain the age, t, of the oldest material contributing to the observed emission and the eruptive rate, R A .
The model spectra can represent the emission from spreading surface ows, either active or dormant, lava lakes and, roughly, re fountains. The synthetic spectra of spreading surface ows are dominated at rst by emission from fresh, hot material, but the spectrum evolves very quickly as t increases. Because the emission goes as T 4 fresh material cools very quickly while older, colder, material cools more slowly. This means that the emission from freshly erupted material, even though it is being produced at a constant rate, is eventually overwhelmed by emission from cooler material, which covers more and more area as time goes by. Eventually a state is reached where the distribution of relatively fresh, hot material, which emits primarily at short wavelengths, is constant, and only cooler areas are continuing to grow in size. As a direct consequence, the spectrum shortward of a given wavelength also approaches a steady-state. The timescale for the short-wavelength spectrum to approach stead-state is an increasing function of the longest wavelength of interest. The time required for the spectrum shortward of 5 m to approach steady state is of order 10 days: at that time the 5 m ux has attained 50% of its steady-state value, and the ux at shorter wavelengths is at a progressively higher fraction of the steady-state value (Howell, 1997) .
The synthetic spectra of lava lakes also reach a steady state, but much more quickly than do spreading surface ows. In a lava lake t is the typical length of time a lava parcel spends at the surface before being recycled. Once a steady recirculation pattern has been established in the lava lake, t is constant, and the spectrum stops changing. Since the recirculation time for a lava lake will typically be fairly short, the spectrum emitted from the lake will be dominated by hotter material than for a spreading ow. Model results for re fountain type of eruptions may be only roughly correct because of our assumption of plane-geometry with one surface free to cool radiatively.
In Figure 2 our photometric measurements from 5 nights are plotted as symbols: error bars show the lter bandpasses and observational uncertainties in the measurement of the uxes. The plotted values are typically the mean of 5 separate measurements, with the uncertainties estimated from the scatter of the individual points. We have used the disk-averaged Io spectrum from August 12 and 14, when Io's near-IR brightness was quite low, as representative of the \background" emission from areas of Io other than bright hotspots. This quiescent spectrum is modeled by the dotted line, which is the sum of two blackbody spectra having temperatures of 400 K and 1000 K. The uxes from subsequent dates shown in the gure have had the background uxes subtracted from them to allow a direct comparison between the measured spectra and the spectra produced by the ow model (i.e. the measurements shown in Figure 2 are not the disk-averaged values, except for the August 12 and 14 points).
Synthetic spectra for the 9608A event are shown as solid lines, and that for the 9610A event as a dashdot line, in Figure 2 . The parameters used in the ow model to produce these spectra are given in Table 1 . All of the models are characterized by short ages, t, indicating that only very freshly erupted material is contributing to the spectra. In the limit t ! 0, the model produces a blackbody spectrum at the temperature of the melt, 1400 K. When t is of order a minute or less, as it is for all these spectra, the model does not reliably predict t and R A independently. This is because the spectrum emitted by the oldest material, which has had a very short time to cool, is not much di erent than for fresh material. However, the total emission, which is proportional to the area of the ow (t R A ), is well reproduced by the model. Because of this, the ages and rates given in Table 1 should be treated as qualitative indications of the nature of the eruptions we model, while the total area of the ows, given in the last column of the table as the radius of a circle of equal size, is more reliably determined.
The monotonic decline in the active area of the 9608A event mimics the monotonic decline in the measured uxes in spite of the non-systematic variation of t and R A found from the models, for the reason discussed above. The age/overturn time, t, associated with this event, while only constrained to be in the range of about 2:3 1:3 minutes, is de nitely very short on all three dates we observed the brightening. Ages this small indicate a very vigorous eruption. The spectrum for August 28 (neglecting the 1.2 m point) Figure 2 . Evolution of high-temperature volcanic events on Io. The quiescent ux on 96/08/12 is shown with lled circles and tted by a two-component blackbody (dotted line), while the excess ux above this base level is shown for three dates during the 9608A event and for one date during the brighter 9610A event. For the 9608A event we obtain only upper limits on the excess 4.8-m ux, because it is a small fraction of the quiescent value. For the 9610A event the detector saturated at 1.7 microns, so we obtain only a lower limit for that ux. Also shown are the ow model ts to the event uxes (solid and dot-dash lines): see Table 1 for parameters. The models seem to t the 9608A measurements very well except for the 1.2 m point. The model produces too little ux at 1.7 and 2.3 m relative to the data from the 9610A event because our assumed melt temperature, 1400 K, is too low. is fairly well represented by a blackbody spectrum at a temperature of 1200 K. (If we include the 1.2 m point, no single temperature t represents the data well, and it is di cult to match the 1.2 m point even using a second component with a temperature of 1800 K. It is possible that the 1.2 m measurement was made during a burst of enhanced eruptive activity (see discussion of 9610A event below), and so gives a distorted picture of the temperature of this eruption.) This reinforces the idea that most of the emitting area of the eruption responsible for this event was at very high temperatures. Only a modest area is involved in the eruption, about 3 km 2 , even though the event increased Io's disk-integrated brightness at 2.3 m by a factor of 6. The timescale for the October event, on the order of only seconds, is much shorter than for the 9608A event, suggesting an even more violent mode of eruption. The 9610A spectrum in Figure 2 is well represented by a blackbody spectrum at a temperature of 1500 K, consistent with the idea that the eruption responsible for this brightening may have been a re fountain. The model spectra in Figure 2 deviate systematically from the observed uxes at 1.2 m on August 28, and at 1.7 and 2.3 m on October 6. This descrepancy remains regardless of how small a value we use for t in our models. The only way to match the observed uxes at these short wavelengths is to use liquidus temperature greater than 1400 K. If the peak lava temperatures really are in excess of 1400 K, it suggests that the composition may be better modeled as something more exotic than basalt: terrestrial komatiites might be one possible analog.
Additional modeling indicates that neither the August nor the October event can be adequately described as cooling ows: lava lakes and/or fountaining o er better analogies for what is probably occurring. If the 9608A event were a ow, we would expect t to be roughly equal to the length of time elapsed since 960828 (plus the minute or two we derived for the age of the ow on that date). Instead, t for the August event is of order minutes over the entire 9 day period of the event. Additonally, if we assume that R A for this event was roughly constant at 2 10 4 m 2 s ?1 , it would have covered an area equivalent to a circle of radius 60 km in one week. The 4.8 m ux from a ow that extensive would have been 50 times greater than the value we measured on 09/06.
Although we only observed emission from the 9610A event on a single day, it seems clear that this event must also have been a lava lake or re fountain, rather than a spreading surface eruption. We rst saw evidence of the event about three hours before we obtained the photometry shown in Figure 2 : it was visible in the lightcurve taken as the sunlit Io disappeared behind Jupiter (at roughly the same brightness we saw it in the re-appearance lightcurve) and in images of Io's sunlit disk taken before the disappearance. If the eruption we saw pre-disappearance had signi cant associated surface ows, we should have seen emission from that 3 hour old material in the eclipse photometry. Using conservative estimates for the pre-disappearance eruptive rate and duration, R A = 3 10 6 m 2 s ?1 and t = 1 hr (and assuming that the ow shut o while Io was behind Jupiter), we nd that the eruption would have ooded an area 60 km in radius, and that emission from this hypothetical ow alone (ignoring emission from the post re-appearance eruption) would have exceeded by factors of 2, 10, 40, 50, and 90 the 1.7, 2.3, 3.5, 3.8 and 4.8 m uxes we observed in the eclipse photometry. Further, if the 10/06 event or events lasted a total of 3 hours (erupting at the above rate) and produced spreading surface ows, the 2.3 m ux two days later should have been ' 200 GW m ?1 str ?1 , 20 times greater than the 9:2 0:3 GW m ?1 str ?1 value we observed from Lowell on 10/08.
Other aspects of the data suggest that the 9610A event may have been a series of re fountains rather than a lava lake. The occultation re-appearance lightcurve (Figure 3 , symbols) contains 3 obvious step-like increases in ux as Io moves out from behind Jupiter's limb, revealing discrete hotspots. Kanehekili, at occultation phase 0.28, is present in every lightcurve we have obtained since 1989 (Spencer et al., 1990) , and does not vary greatly in strength. The third, at a phase of 0.94, is Loki. The central, large jump is the contribution from the 9610A hotspot. The solid line is a model lightcurve constructed by assuming that all of the light comes from discrete pointsources on Io which emerge from behind Jupiter's limb and su er only refractive extinction (ibid.). The model ignores absorption by CH 4 in Jupiter's atmosphere, causing the obvious mismatch between the computed and measured lightcurves when Io is still mostly occulted. The times of emergence of the model hotspots are indicated by the vertical \error bars", and the ux associated with each hotspot is indicated by their length. The 9610A event is much better represented by a model with two hotspots (solid curve) than by a single hotspot model dotted curve). The two-spot model shown has one at an occultation phase of 0.53 with a ux of 99 GW m ?1 str ?1 and a second at phase 0.58 with a ux of 32 GW m ?1 str ?1 . It is likely that the eruption actually consisted of more than two vents or was a ssure eruption, but the quality of the data and our lightcurve model do not warrant attempting such an analysis. Based on the above occultation phases of the two spots, we estimate that the extent of the source region was at least 145 km. The huge extent of the source, coupled with the sudden end of the event two days later, seems to suggest a ssure eruption or a closely connected series of vents. The source region was not resolved This event seems to have involved at least 2 vents, as we have modeled it here, or perhaps a long ssure eruption. The variation in Io's brightness after occultation completion appears to be real, and must be due to changes in the rate of eruption taking place a timescale of about a minute.
in direct imaging of Io, so we cannot say more about its nature or possible north{south extent.
The decline in ux seen in Figure 3 after Io had fully re-appeared, and the recovery in ux seen at the end of the lightcurve, are due to changes in the level of activity of the 9610A eruption itself. The short timescale for these changes, and their large amplitude, suggest that the eruption involved very little visible lava in pools or ows: such deposits would not cool fast enough to follow the rapid changes seen in the lightcurve. It is possible that a rapid decline in activity occured while the 9610A hotspot was re-emerging, mimicking the re-appearance of a second hotspot. However, such a change would have had to occur much more quickly than these post-occultation changes in order to produce the observed lightcurve. These rapid uctuations in the brightness could probably only be produced by a re fountain, not a lava lake or a surface ow.
We have determined the approximate locations of the eruptions which caused the 9608A and 9610A brightenings from the occultation lightcurves and direct imaging. The August event was located at 2 10 N, 16 3 W, near an unnamed caldera visible in Voyager images of Io. The October event was located at 75 15 N, 35 15 W. The position of this eruption and the hypothesis that it was a re fountain o er a self-consistent explaination for the disappearance of the event two days later. Because the event was near the north pole, emission from lava ows or lava lakes on the surface would have been greatly reduced due to foreshortening and possibly blocked by intervening topography. A re fountain, on the other hand, might be more prominent at high emission angles. The 9608A event, in contrast, was viewed almost vertically, so any resulting lava ows could not be hidden by topography, again suggesting that an overturning lava, perhaps with fountaining activity, lake o ers a better explanation for that event.
CONCLUSIONS
High temperature volcanic activity at small scales, as evidenced by disk-integrated 2 m color temperatures 847 K, on Io was detected in our near-IR measurements every time we were able to obtain data at both 1.7 and 2.3 m in 1995 and 1996. From this, it appears likely that silicate volcanism (or at least volcanic activity with lavas at silicate temperatures) is widespread and frequent there. We observed two events in late 1996 in which the 2.3 m brightness of Io's thermal emission increased by a factor of order 10. These two events are characterised by very high temperatures (1200{1500 K), and did not produce visible ows of lava spreading across Io's surface. Models of these eruptions indicate that they were extremely energetic, involving eruption rates of 10 4 {10 6 m 2 s ?1 or higher, and characteristic ages of the oldest erupted material of a few minutes down to seconds. The sustained high temperatures of the 9508A event are apparently di erent from the more energetic January 1990 outburst, which cooled rapidly over three hours and showed evidence for extensive spreading and cooling lava ows (Davies 1996) . We attribute the 9608A event to a lava lake style of eruption. The 9610A event was even more energetic, and was probably due to re fountaining along an extended source (> 145 km) at high northern latitudes on Io.
